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Figures
. Two-way sensitivity analysis lines and shading represent the average number (shown in white boxes along lines) of adult bull trout at year 10 across values of pairs of decision model components, with (A) suggesting that adult resident bull trout survival had a greater influence when migrant adult bull trout survival was assumed to be low, (B) indicating that the utility was sensitive to migrant adult bull trout survival but not to subadult brook trout survival, (C) showing that the utility was equally influenced by migrant subadult and juvenile bull trout survival, and (D) indicating that juvenile brook trout survival had a very minor influence on the utility .. 
Conversion Factors
International System of Units to U.S. customary units Multiply By To obtain Length millimeter (mm) 0.03937 inch (in. meter (m) 3.281 foot (ft)
Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as °F = (1.8 × °C) + 32.
Datums
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88) . Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83). Altitude, as used in this report, refers to distance above the vertical datum. 
Abstract
With the decline of bull trout (Salvelinus confluentus), managers face multiple, and sometimes contradictory, management alternatives for species recovery. Moreover, effective decision-making involves all stakeholders influenced by the decisions (such as Tribal, State, Federal, private, and nongovernmental organizations) because they represent diverse objectives, jurisdictions, policy mandates, and opinions of the best management strategy. The process of structured decision making is explicitly designed to address these elements of the decision making process. Here we report on an application of structured decision making to a population of bull trout believed threatened by high densities of nonnative brook trout (S. fontinalis) and habitat fragmentation in Long Creek, a tributary to the Sycan River in the Klamath River Basin, south-central Oregon. This involved engaging stakeholders to identify (1) their fundamental objectives for the conservation of bull trout, (2) feasible management alternatives to achieve their objectives, and (3) biological information and assumptions to incorporate in a decision model. Model simulations suggested an overarching theme among the top decision alternatives, which was a need to simultaneously control brook trout and ensure that the migratory tactic of bull trout can be expressed. More specifically, the optimal management decision, based on the estimated adult abundance at year 10, was to combine the eradication of brook trout from Long Creek with improvement of downstream conditions (for example, connectivity or habitat conditions). Other top decisions included these actions independently, as well as electrofishing removal of brook trout. In contrast, translocating bull trout to a different stream or installing a barrier to prevent upstream spread of brook trout had minimal or negative effects on the bull trout population. Moreover, sensitivity analyses suggested that these actions were consistently identified as optimal across a large range of parameter values. Taken together, these results support the conclusion that management actions focused on controlling brook trout and enhancing migrant bull trout are more likely to yield more adult bull trout within the 10-year time frame specified by stakeholders.
Introduction
Bull trout (Salvelinus confluentus) populations have declined throughout their native range, resulting in listing the species as threatened under the Endangered Species Act (U.S. Fish and Wildlife Service, 2015a; Kovach and others, 2016) . Primary threats linked to the decline of bull trout populations include loss of connectivity because of physical barriers, effects of past and present land-use practices on physical habitat in streams (for example, availability of pools, suitable spawning substrates), decreases in water quantity and quality, and introduction of nonnative species, all of which have led to increased fragmentation of habitat (defined as a simultaneous loss of habitat size and connectivity; Fahrig, 2003; U.S. Fish and Wildlife Service, 2015a) . Among the factors contributing to resilience of bull trout in the face of these threats, as well as natural disturbances, is variability in life history expression (Rieman and McIntyre, 1993) . Like many salmonids, bull trout exhibit 'partial migration' which refers to life histories where some individuals complete their life cycle within natal habitats (that is, resident life history), and others migrate to exploit growth opportunities outside natal areas (that is, migratory life history; Brenkman and Corbett, 2005; Dunham and others, 2008) . The ability of bull trout to express a migratory life history is thought to provide a buffer against localized natural disturbance (Rieman and McIntyre, 1993; U.S. Fish and Wildlife Service, 2008) . For example, 1 year following a wildfire and debris flow that extirpated the resident (non-migratory) fish population in a stream in the Boise River Basin, Idaho, migratory bull trout repopulated the stream (Rieman and others, 1997) . Another advantage of migratory life history expression can be substantially increased fecundity in females, owing to their larger body size, and competitive ability in males (for example, Kendall and others, 2015) . Thus, reduction in the migratory life history owing to fragmentation and poor fish passage can have implications for the population as a whole. Population declines can be further exacerbated by the presence of nonnative fish, such as brook trout (S. fontinalis), because of competition and hybridization (Dunham and others, 2002; Warnock and Rasmussen, 2013; Kovach and others, 2016) , with resident fish susceptible to the former throughout their complete life cycle. Given the number of threats, interactions among them, and how they can depend on the local context within which they occur, practitioners often face difficult decisions as to how best manage bull trout (for example, Tyre and others, 2011; Falke and others, 2015) .
Here, we report on an analysis of threats and management scenarios for a population of bull trout in a headwater tributary in the Upper Klamath River Basin, south-central Oregon. In the Upper Klamath River Basin, existing habitat associations and overlapping distributions of bull trout and brook trout suggest the potential for negative effects of brook trout (Benjamin and others, 2016) . In one stream within the Klamath River Basin, bull trout have responded positively to complete removal of brook trout with piscicide (Buktenica and others, 2013) , providing further evidence of the potential for negative effects of brook trout. Complete removal of nonnative brook trout from other portions of the Klamath River Basin may be complicated by the cost of such operations and presence of other native taxa that could be harmed by application of piscicides (e.g., Finlayson and others, 2000) . There is additional uncertainty regarding the effective prevention of re-establishment by brook trout following eradication and the probability of re-expression of migratory life histories by bull trout, which promotes population persistence. These examples represent some of the complexity and uncertainty of bull trout conservation in the Upper Klamath River Basin.
To address these complexities, we applied the process of structured decision making (Gregory and others, 2012; Conroy and Peterson, 2013) to better understand the uncertainty of and to inform bull trout recovery decisions in the Klamath River Basin. We convened a stakeholder workshop to identify their fundamental objective for a local population of bull trout within the Sycan River Core Area. In this activity, stakeholders also identified means objectives (management alternatives intended to potentially address the fundamental objective). Finally, stakeholders identified preliminary models of factors that influence bull trout in the local population, as well as information to be used in parameterizing a model of population dynamics. With this information we, developed models to estimate bull trout population size and the consequences of alternative decisions, as well as to test assumptions about system behaviors (Conroy and Peterson, 2013) .
Study Area
The Klamath River Basin is at the southern margin of the current range of bull trout (Dunham and others, 2008) . The basin is recognized by U.S. Fish and Wildlife Service as one of six recovery units distributed across the range of the species in the continental United States (U.S. Wildlife Service, 2015a, 2015b) . For management purposes, major tributaries within this basin are further classified into three core areas, including Upper Klamath Lake, Sycan River, and upper Sprague River (U.S. Wildlife Service, 2015a, 2015b;  fig. 1 ).
The Sycan River Core Area consists of the Sycan River, Sycan Marsh, and their tributaries ( fig.  1 ). On the eastern half of the core area is the Sycan River, which ranges in elevation from approximately 2,100 m at the headwaters to 1,500 m as it enters Sycan Marsh. On the western half of the catchment is Long Creek and its tributaries. Long Creek is the geographic extent of this study area and supports the last known population of bull trout in the Sycan River Core Area. Long Creek has a snow-melt dominated hydrograph, with peak flows in May and June and base flows starting in July.
Bull trout historically occurred throughout Long Creek and consisted of both resident and migratory individuals, with migrants achieving sizes up to 500 mm in length (Light and others, 1996 , as cited in U.S. Fish and Wildlife Service, 2015b) . Currently, bull trout are primarily restricted to the headwaters (that is, resident life-history), in part, owing to the presence of nonnative brook trout, which occupy most of Long Creek and its tributaries including Calahan Creek. Moreover, the migratory life history of bull trout in this system has been limited by degraded habitat conditions in the lower reaches of the migration corridor that seasonally affect connectivity between spawning grounds and juvenile rearing areas in the headwaters and adult rearing habitat in the Sycan Marsh. Under current conditions, the abundance of subadult and adult fish is less than 1,000 individuals (Buchanan and others, 1997) , and the size of migrant adults typically does not exceed 300 mm. In addition to bull trout, brook trout, and bull-brook trout hybrids, other fish present in Long Creek include Rainbow Trout (Oncorhyncus mykiss) and Speckled Dace (Rhinichthys osculus; Long and Bond, 1979) . We consider the Long Creek system as representative of many bull trout management concerns-a headwater tributary (Long Creek) consisting of sympatric bull trout and brook trout populations, multiple tributaries with only brook trout (in this case, Calahan Creek), and lower reaches that are either degraded or fragmented. 
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Methods
Decision Utility
Any formal decision-making process requires a clear statement of objectives that specifies what management actions are attempting to achieve (Gregory and others, 2012; Conroy and Peterson, 2013) . These objectives should be quantifiable to facilitate comparisons of the relative effectiveness of management actions and evaluations of the sensitivity of the estimates to assumptions. When there are two or more fundamental objectives, the quantifiable attributes for each objective are combined in a single number defined as the utility. To address these needs, we convened a stakeholder workshop in Klamath Falls, Oregon, on April 1, 2014, to elicit a host of responses, including (1) identification of a quantifiable objectives, (2) management alternatives, and (3) Fish and Wildlife Service, 2015a) . The fundamental stakeholder objectives were to maximize the long-term persistence of bull trout and minimize the cost of management actions. The quantifiable attribute used to measure persistence was the number of adult bull trout (resident and migratory) in Long Creek and its tributaries in year 10 after the initiation of management actions, with the assumption that population size was directly related to long-term population viability. This time horizon was selected by the stakeholders because 10 years allowed for the completion of two life cycles for bull trout, and was an approximation of when subsequent management decisions would be made. The other fundamental objective was to minimize costs of management. Actual cost estimates were unavailable for many decisions alternatives. Therefore, we included qualitative cost estimates by asking the stakeholders to rank the cost for each alternative management action from 1 to 5, with 1 being the least expensive alternative and 5 being the most expensive alternative. For each decision, we summed the ranks for individual action, and then calculated the marginal gain (Conroy and Peterson, 2013) by dividing the summed ranks by the difference of implementing or not implementing a decision.
Alternative Management Actions
The stakeholders identified five potential management alternatives that could be implemented separately or in combination with each other (table 1) to achieve the fundamental objectives. Managers identified a 5-year time-step for implementing a management alternative.
The first management alternative was to institute a brook trout removal program through onepass electrofishing for the entire length of a tributary starting at the confluence. For example, if this action were to occur in Long Creek, the spatial extent upstream of the confluence with Calahan Creek. Based on stakeholder feedback, we assumed that logistics would limit electrofishing efforts, and removal would occur during either the first 3 years consecutively or every other year (that is, years 1, 3, and 5). Based on published brook trout capture efficiencies (Peterson, Fausch, and others, 2008) , brook trout survival after each removal event was reduced by 65-75 percent, depending on life stage (table 2) . bull trout, when present, also will be shocked during the brook trout removal, and subsequent mortality may occur. Thus, we assumed a 2.5-percent reduction in survival across most life stages of bull trout during the years in which electrofishing occurred, with the exception of eggs and migrants that would be absent during the time of sampling. We assumed a constant reduction in bull trout survival because it is difficult to identify the exact effects on each life stage. However, larger fish are more likely to be captured and experience handling mortality, whereas smaller fish are less likely to be captured and may experience mortality owing to injuries from repeat shocking.
The second management alternative included the installation of a barrier immediately upstream of a tributary mouth. The primary purpose of installing barriers is to prevent the upstream spread of nonnative fish like brook trout (Peterson, Rieman, and others, 2008; Fausch and others, 2009 ) to the tributary. We assumed that a barrier would be 100-percent effective at preventing brook trout immigration, but evaluated the sensitivity of the model to this assumption. The stakeholders also were interested in the effect that this management alternative would have on the migratory component of the bull trout population. We assumed that the barrier would allow bull trout migrants to move downstream, but would prevent all their movement upstream to spawning grounds (that is, no upstream migration existed).
The third management alternative was a complete eradication of brook trout, which could result from treating the stream with piscicide. For this action, we assumed a 100-percent removal of brook trout. We also assumed that, if present, bull trout could be removed without harm and transported to a holding facility (for example, following Buktenica and others, 2013) . The application was similar to that of electrofishing removal upstream of the confluence of Long and Calahan Creeks.
The fourth management alternative was translocating subadult bull trout from one tributary to another tributary not occupied by bull trout (for example, from upper Long Creek to Calahan Creek). We assumed that all resident subadult bull trout were available for translocation, but only 50 percent of migratory subadults were available. The latter was because little is known of the distance subadults will migrate in the study area and this life stage might not be present in the collection area at the time of capture and transfer. Stakeholders identified a one-time mortality reduction of 5 percent that occurred for translocated subadult bull trout owing to the stress of capture, handling, transport, and release into a new environment. Additionally, we assumed that bull trout and brook trout that were electrofished but not captured received a penalty of 2.5 percent, which was consistent with the incidental electrofishing mortality rate during brook trout removal. We evaluated two options-translocating (1) 50 or (2) 100 subadult bull trout. If the number of subadults in the donor population was less than the number needed for the translocation, we assumed that all remaining resident subadults were translocated. Translocations occurred once in year 1 of the 5-year time-step.
In the last management alternative, we assumed that habitat conditions in a reach downstream from a headwater bull trout population (that is, areas occupied by the migratory life history) were improved. This alternative represented actions that promote connectivity between natal and migratory habitat or an improvement in conditions for adult migrant bull trout. We assumed that improving downstream conditions would increase the survival of migrant life stages by 10 percent. It is unlikely that benefits to migratory bull trout following improvements would be effective instantaneously. Thus, the increase in survival was not instantaneous, but gradual. We linearly increased the survival over the 5-year time-step (that is, 2 percent increase per year) to represent the cumulative effect of improvements. 
Removal options included every year for the first 3 years (years 1-3) and every other year (years 1, 3, and 5).
2 Translocation options included 50 and 100 subadult bull trout. 
Model Overview
To evaluate the proposed management actions, we created a decision model consisting of management alternatives, stakeholder objectives, and system dynamics. The dynamics of native bull trout and nonnative brook trout were modeled using a deterministic, staged-based Lefkovitch matrix model (Lefkovitch, 1965) . The model allows the two Salvelinus species to occur either in sympatry or allopatry. For bull trout, we considered two life history tactics (resident and migratory); hence the population model consisted of six life-history stages-(1) eggs, (2) juveniles, (3) resident subadults, (4) resident adults, (5) migratory subadults, and (6) migratory adults ( fig. 2A) . The life history tactic of the subadult identifies the tactic for the adult stages. That is, migrant subadults always transition to migrant adults and resident subadults always transition to resident adults. Brook trout typically only display a resident life history tactic in their nonnative range (Dunham and others, 2002; Fausch, 2008) . Therefore, the brook trout population dynamics model included five life stages-(1) eggs, (2) juveniles, (3) resident subadults,(4) resident small adults, and (5) resident large adults ( fig. 2B ). Both population models operate on an annual time step and begin with a specified number of individuals for each species in each stage. Each simulated year begins with reproduction. For each species, we assumed a 50/50 sex ratio and that the number of eggs produced was the product of the number of reproductively mature adult females by the stage-specific fecundity summed across stages. Individuals in each stage then were promoted to the next stage using survival and stage transition rates that varied according to management actions and hypothesized dynamics. Management actions were implemented within the first 5 years of a simulation, and population dynamics continued for 5 additional years with no additional management interventions. The number of adult bull trout in year 10 represented the final output.
Initially, we parameterized the model using demographic values (for example, survival, fecundity) for each species and stage based on published demographic information (table 3) . Stakeholder feedback indicated that the values we used needed to be adjusted for use in the Long Creek decision. Therefore, we modified several aspects of the model. First, we defined a migratory bull trout as an individual that rears downstream past the confluence of Long Creek and Calahan Creek. The stakeholders commented that bull trout in Long Creek at present do not exceed 250 mm in length (but see Light and others, 1996) , so large adult resident and migrant bull trout life stages were not considered in the model. The stakeholders also suggested that the brook trout population was stable or growing and that the bull trout population was declining. Thus, brook trout were assumed to have a stable population growth rate (λ = 1), whereas bull trout were assumed to have a declining population (λ = 0.9). Simulated management decisions potentially will change the growth rate following implementation. In the sympatric stream (that is, Long Creek), stakeholders also thought that the population ratio of brook trout to bull trout was 25:1. Starting values for demographic parameters (for example, survival, fecundity) for each species and stage were assigned using life history tactics (that is, resident or migratory) and size based on stakeholder feedback and literature values (table 3) . These values then were adjusted to match the specified species ratios, population growth rates, and hypothesized population dynamics using optimization techniques (see section, "Population Dynamic Hypotheses"). Adult bull trout may skip a breeding season owing to density dependence (Johnston and others, 2007) ; however, we did not account for this because it is a strategy that is more prominent in males, and only in females when their abundance exceeds 1,000 individuals (Johnston and Post, 2009) , which is unlikely under current conditions in Long Creek. 
Population Dynamic Hypotheses
Assumptions about the nature of interaction between brook trout and bull trout and the mechanisms influencing bull trout life history tactics have the potential to influence decision making. To incorporate this source of uncertainty in the decision model, we developed alternative models representing hypothesized system dynamics. For species interactions, we considered two hypotheses; juvenile density dependence is intraspecific (JuvHa) or interspecific (JuvHb). The JuvHa hypothesis assumed that juvenile Brook and bull trout do not directly interact, and, thus, the effect of density dependence on juvenile survival (Sj) is intraspecific. To account for the effect of density dependence on survival, we used the density-dependent survival function from Lee and Rieman (1997) :
where Sj is the egg to juvenile survival for species i, Smax is the maximum egg to juvenile survival, Kegg is the carrying capacity for eggs of species i, and eggs is the total number of eggs produced by species i.
However, brook trout can restrict bull trout to headwater sections in the Klamath River Basin (Benjamin and others, 2016) , suggesting that competition and lab experiments have shown that brook trout can out-compete with bull trout for available resources (McMahon and others, 2007) . Therefore, as an alternative, we hypothesized that carrying capacity of juveniles between the two species was shared, and that density-dependent effects on juvenile survival are a function of both species. We used the same equation as JuvHa, except that eggs was the cumulative number of eggs for both species instead of from a single species.
To incorporate the uncertainty regarding the mechanisms influencing bull trout life history tactics, we considered three sets of hypotheses based on stakeholder input. First, we assumed that the proportion of juveniles that become migrants is a constant proportion (0.2) every year (AdultHa). Density dependence has been suggested as a mechanism influencing bull trout life history tactics (Chapman and others, 2011) . Thus, we used two approaches to model the proportion of juveniles that become migrants to be a function of trout density. First, we hypothesized (AdultHb) that the proportion of migrants (pmig) is dependent on the total number of subadult and adult bull trout (adults):
where α is exponential rate parameter.
As a second alternative hypothesis (AdultHc), the proportion of juvenile bull trout to become migratory was hypothesized to be a function of both resident bull trout and brook trout density. We used the same equation as AdultHb, but for adults we used the total number of resident subadult and adult bull trout and brook trout.
Parameter Estimate Calibration
We had no a priori assumption that one or more of the alternative hypotheses regarding the effect of brook trout on sympatric bull trout populations was more likely than the others. We reasoned that all hypotheses are equally likely and, more importantly, that they theoretically should be able to result in the observed starting states of the populations (at t=0). For simplicity, we assumed that the initial population growth rates (λ at t0) were equal to 0.9 for bull trout and 1.0 for brook trout. Using these growth rates and demographic parameter estimates from stakeholder feedback and published studies as bounds, we calibrated each alternative model with a two-step procedure (table 1) .
For the first step, we used heuristic optimization to estimate stage-specific survival for each population as well as migratory rates for the initial bull trout population (table 3) . This was necessary to ensure that modeling results were directly comparable regardless of the hypothesized dynamics. The parameter estimation was accomplished using a genetic algorithm (Mebane and Sekhon, 2011) , during which all the demographic parameters were estimated simultaneously until the population growth rates achieved the target values (0.9 for bull trout and 1.0 for brook trout). The stage-based survival rates were bound within 20 percent of their reported values to ensure that the optimized values were within the ranges of those reported in the literature (Al-Chokhachy and Budy, 2008; Peterson, Fausch, and others, 2008; Bowerman, 2013) .
Once the demographic parameters were obtained, we estimated parameters Smax and eggs (eq. 1) for the density-dependent juvenile survival hypothesis (JuvHa) with Nealder-Mead optimization (Nelder and Mead, 1965 ) using the optim function in the statistical program R v 3.1 (R Core Team, 2016). The juvenile survival rates, Sj, that were estimated in step 1 were used as the target values during the optimization. The number of eggs in the system, eggs, was fixed and calculated using expected (mean) parameter values at the initial population size. Parameters were estimated for each individual population. This process was repeated using the equation for the juvenile hypothesis (JuvHb), but using the cumulative number of eggs in each tributary. Lastly, the parameter α (eq. 2) in adult hypothesis (AdultHa and AdultHb) was similarly estimated using a Nealder-Mead optimization. The total number of adult bull trout, adults, was fixed using the initial number of adult trout, and the value of pmig was taken from the values estimated in step 1.
Sensitivity Analysis
To identify the parameters that had the greatest effect on the number of adult bull trout at year 10, we performed one-way and two-way sensitivity analyses. For each sensitivity analyses, we varied parameters by ± 50 percent of the mean estimate (table 3) . During one-way sensitivity analysis, each input or parameter was changed individually across its range, holding the remaining inputs and parameters at their mean values (table 3). The two-way sensitivity analysis was similar to one-way analysis, but with values from two model parameters being varied simultaneously while the other model parameters were held at mean values. All sensitivity analyses were reported using the estimates from alternative population dynamic hypotheses averaged across models.
To identify the model components that had the greatest effect on the optimal decision (in this case, the decision maximizing number of adult bull trout in the Long Creek population over a 10-year period), we performed one-and two-way response profile sensitivity analyses. Here, the individual model inputs and model parameters (or pairs for two-way analysis) were varied by ± 50 percent of their means while keeping all other parameters at their mean values (table 3) . Unlike one-way sensitivity analysis, the optimal decision was recorded for each combination. These values then were plotted to examine how optimal decisions change over the range of values for the model component. Model components for which decisions changed several times across a range of plausible parameter values were considered influential or key uncertainties.
Stakeholders were interested in evaluating how the magnitude of change in downstream conditions, the efficiency of electrofishing removal of brook trout, the effect of passing bull trout upstream of a barrier, and brook trout immigration from downstream affected decision making. Therefore, we conducted an additional response profile sensitivity analysis to address these questions. For decisions that included adding a barrier, up to 50 migrant bull trout adults per year were added upstream to the spawning population under the assumption that this would mimic efforts of the manager to place migratory adults upstream of the barrier prior to spawning. Because we did not include the potential for brook trout to immigrate to upper Long Creek or Calahan Creek from downstream locations, we ran the sensitivity of decisions under a range (1-200 fish per year) of adult brook trout immigrating. This included the migration rate of 100 adult brook trout per year (Peterson and Fausch, 2003) .
We used cost ranks in place of actual management costs to calculate the utility because actual cost estimates were not available for most of the decision alternatives. The differences in ranks may not faithfully approximate the actual cost differences among alternatives. For example, the use of rankings assumed that the difference in actual monetary costs between the first-and second-ranked cost actions were equal to the difference in actual costs between fourth-and fifth-ranked actions. Therefore, a third sensitivity analysis was used to evaluate the sensitivity of decisions to the cost rankings elicited from the stakeholders. Here, we used indifference curves to evaluate how the optimal decision varied across a range of values defining the number of cost units between adjacent ranks. Specifically, we estimated the scaled cost of a decision as:
where Ca' is the scaled cost rank of decision a, Cj is the cost rank of the decision under comparison, and w is the weighted value for the decision under comparison that was varied from 20 to 160 percent.
For each decision, the utilities were plotted across the range of weights, with the optimal decision considered the one with the greatest utility. The value of w, where two decision-specific lines cross, indicates that the utilities of the corresponding decision are equal and decision makers are indifferent to the decisions.
Results
Optimal Decision
Controlling brook trout and improving conditions downstream had the greatest effect on the number of adult bull trout at year 10 and we estimated this combination of management actions would result in approximately 50 more adults, on average, compared to not implementing an action (fig. 3) . The estimated abundance for decisions that included improving downstream conditions was consistently among the highest, whereas the estimated abundance for decisions that included installing a barrier was consistently among the lowest. Controlling brook trout through complete eradication or electrofishing removal was most optimal when brook trout and bull trout were in sympatry. However, when brook trout were in allopatry, the results were minimal. Similarly, translocation of bull trout to a tributary had little to no effect on the estimated adult abundance.
We received cost ranks from two stakeholders (table 4) and used these to calculate the marginal gain of each decision alternative (that is, the utility). When costs were considered, on average, the optimal decision became electrofishing removal of brook trout from Long Creek ( fig. 3 ) followed by electrofishing removal coupled with improving downstream conditions. 
Sensitivity Analyses
The optimal decision also was strongly influenced by the alternative model of bull trout population dynamics (fig. 4) . Models that included an interaction between bull trout and brook trout estimated greater increases in adult population size in response to management actions compared to those with no interaction. Similarly, the model assuming that a constant proportion of juveniles become migrants predicted greater increases in adult population size at year 10 compared to models where the proportion was a function of density. The most robust decision was improving downstream conditions, which was indicated by the tight grouping of estimates under the alternative models and with consistent increase in adult bull trout (14 individuals, on average after 10 years). The translocation decision also was robust to assumptions of alternative bull trout population dynamics, but had minimal effect after a 10-year period. Similarly, regardless of population dynamics assumptions, models where installing a barrier were considered had no or negative effects on adult bull trout.
On average, the number of adult bull trout simulated in the model was most influenced by the survival of multiple life stages, and was least sensitive to brook trout demographic parameters (fig. 5) . The most sensitive parameter was, overwhelmingly, the survival of migrant adults. Other bull trout demographic parameters that were influential were the survival of resident adults and subadults, juvenile survival, the number of years resident subadults spend in the stage, egg survival, and the sex ratio of migrant adults. Among the bull trout demographic parameters, the least sensitive variables were the proportion of juveniles becoming migrants, resident sex ratio, and the fecundity of resident adults. Although the number of adult bull trout was not highly sensitive to brook trout demographic parameters, the survival of subadults, small adults, juveniles, and eggs were more influential than other brook trout parameters.
A one-way response profile sensitivity plot was created for a range of values for each of the bull trout and brook trout demographic parameters, for a total of 27 plots. We present four profiles that represent the most influential components, as well as the range of responses simulated ( fig. 6 ). One-way response profile sensitivity analysis suggested that the optimal decision of eradicating brook trout from Long Creek and improving downstream conditions was relatively insensitive to changes in model parameters. This decision remained optimal regardless of the demographic parameters and their values for bull trout or brook trout. However, some decisions did have estimates of the number of adult bull trout at year 10 that were close to the optimal decision, depending on the model parameter and its value. For example, when coupled with improving downstream conditions, controlling brook trout either through electrofishing or complete eradication yielded a similar modeled result in the increased abundance of bull trout. fig. 3 ). Open (no competition) and closed (with competition) symbols represent predictions under alternative models of competition between juvenile brook trout and bull trout. Predictions under alternative models of migration life history mechanisms are represented by different symbols: constant proportion (squares), a function of resident bull trout abundance (triangles), or a function of resident bull trout and brook trout abundance (circles). The gray X represents the average response across alternative models. L, Long Creek; C, Calahan Creek; E, brook trout eradication; R, brook trout removal through electrofishing in sequential (s) or alternative (a) years; DS, improve downstream conditions; TL, translocate 100 or 50 subadult bull trout; and B, barrier. The two-way sensitivity analysis averaged across alternative model (hypotheses) produced 378 combinations of model components and corresponding graphs, of which we present four that represent some of the most influential parameters and the variability of patterns observed ( fig. 7) . The two-way sensitivity analysis indicated that the number of adult bull trout at year 10 was sensitive to demographic parameters similar to those in the one-way sensitivity analysis. That is, when plotted against other demographic parameters, the estimated abundance was strongly influenced by the survival of adult migrant bull trout. We provide two examples, plotted against survival of resident adult bull trout and subadult brook trout. A comparison of the survival rates of migrant and resident adult bull trout suggested that when migrant adult survival was less than (<) 0.7, the resident survival become more influential on the estimated adult abundance (fig. 7A ). In contrast, survival of subadult brook trout was not influential compared to migrant adult bull trout ( fig. 7B) . Other examples include the equal influence of bull trout juvenile and subadult survival ( fig. 7C) . For subadult survival, we present migrant subadult survival, but a similar pattern was simulated for resident subadult survival. Lastly, brook trout juvenile survival had little influence on the estimated adult abundance compared to bull trout juvenile survival ( fig. 7D ).
We present eight graphs from the two-way response profile sensitivity analysis that represent influential parameters and the variability of optimal decisions (figs. 8 and 9). The two-way response profiles identified eradicating brook trout from Long Creek and improving downstream conditions as the optimal decision across most parameter value pairings. When considering the top two most influential parameters on the number of adult bull trout in Year 10, survival of both migrant and resident bull trout adults, the optimal decision changed to brook trout electrofishing removal in Calahan Creek and translocation of bull trout when the survival for both life history tactics was low ( fig. 8A ). This was a similar pattern when adult migrant bull trout survival was paired with brook trout subadults ( fig. 8B ). Under this pairing, however, when the migrant survival was >0.8, decisions changed to brook trout electrofishing removal in Long Creek and improving downstream conditions, and when the migrant survival was >0.9, decisions changed to simply improving downstream conditions. For other pairings, the optimal decision was consistently eradicating brook trout from Long Creek and improving downstream conditions ( fig. 8C and 8D) , with one exception. Regardless of values used for the pairing brook trout subadult and small adult survival in the sensitivity analysis, the optimal decision was improving downstream conditions ( fig. 8E ).
Decisions were relatively insensitive to assisting migrants upstream of barriers, the potential of brook trout to immigrate, improving downstream conditions, and the effectiveness of removing brook trout with electrofishing ( fig. 9) . Over a range of values for these components, eradicating brook trout in Long Creek and improving downstream conditions was still the most optimal decision with a few exceptions. If 35 or more adult migrant bull trout could be transported upstream on an annual basis, then eradicating brook trout and installing a barrier in Long Creek became the optimal decision. ( fig. 9A and  9B ). When immigration was greater than 130 brook trout per year and capture efficiency exceeded 90 percent, improving downstream conditions and removing fish with electrofishing became the optimal choice ( fig. 9C ). Figure 7 . Two-way sensitivity analysis lines and shading represent the average number (shown in white boxes along lines) of adult bull trout at year 10 across values of pairs of decision model components, with (A) suggesting that adult resident bull trout survival had a greater influence when migrant adult bull trout survival was assumed to be low, (B) indicating that the utility was sensitive to migrant adult bull trout survival but not to subadult brook trout Survival, (C) showing that the utility was equally influenced by migrant subadult and juvenile bull trout survival, and (D) indicating that juvenile brook trout survival had a very minor influence on the utility. Based on model results of the optimal decision for maximizing adult bull trout abundance at year 10, we developed three indifference curves ( fig. 10) . First, we evaluated the cost of improving downstream conditions relative to the cost of eradicating brook trout. Here, the optimal decision would be improving downstream conditions if the cost of its implementation was about 0.4 of the cost of eradicating brook trout ( fig. 10A ). Second, we evaluated the cost of improving downstream conditions relative to removing brook trout by electrofishing. For this comparison, the optimal decision was improving downstream conditions if it could be implemented at a cost of about 0.8 of the cost of the cost of electrofishing removal ( fig. 10B ). Third, we evaluated the cost of eradicating brook trout relative to their removal through electrofishing. Here, the optimal decision would be eradicating brook trout if the cost was approximately 0.03 greater than the cost of removing brook trout by electrofishing ( fig.  10C ).
Discussion
We used a structured decision-making approach to engage stakeholders in identifying their fundamental objectives, management alternatives, and developing models for evaluating decisions that would benefit bull trout threatened by high densities of brook trout in Long Creek, a tributary of the Sycan River in south-central Oregon. After 10 years, model simulations suggested an overarching theme among the top models, which was a need to control brook trout and ensure that the migratory tactic of bull trout can be expressed. More specifically, the optimal management decision, based on the estimated adult abundance at year 10, was to combine the eradication of brook trout from Long Creek with improvement of downstream conditions. Other top decisions included these actions independently, as well as electrofishing removal of brook trout. Moreover, sensitivity analyses suggested that these actions were consistently identified as optimal regardless of parameter values. When the ranked cost was included, the optimal decision changed to only electrofishing removal of brook trout from Long Creek, but the top decisions were similar. Taken together, these results support the conclusion that management actions focused on controlling brook trout and enhancing migrant bull trout are more likely to yield more adult bull trout within the 10-year time frame specified by stakeholders.
The importance of brook trout control may not be surprising given their high abundance in Long Creek and the known negative effects that brook trout can have on bull trout populations (Dunham and others, 2002; Warnock and Rasmussen, 2013; Kovach and others, 2016) . Eradication performed better than removal through electrofishing in the model. Eradication has been successful in Sun Creek in the Klamath River Basin (Buktenica and others, 2013) , but does come with potential caveats not completely considered here. For instance, unless the source for brook trout can be eradicated, a barrier will be needed to prevent recolonization in areas where brook trout are suppressed or eliminated. This could have deleterious effects on bull trout because of the potential reduction in the migratory life history expression, as our model suggests, as well as other native aquatic organisms. Moreover, efforts to eradicate brook trout could be reversed by restocking of a few individuals. Outside the system modeled herein, the potential deleterious effects of eradication using piscicides on non-target native taxa (for example, non-game fishes, freshwater mussels or other invertebrates) merit additional consideration following established guidelines (for example, Demarais and others, 1993; Finlayson and others, 2000; Britton and others 2011) . Our model did suggest that complete removal brook trout may not be necessary to benefit bull trout. As few as three electrofishing events could have enough of an effect on brook trout to improve adult bull trout abundance, at least when the brook trout population is 25 times that of bull trout. Using a similar type of Lefkovitch matrix model, Peterson, Fausch, and others (2008) suggested that 3 or more consecutive years of brook trout suppression would benefit cutthroat trout, but the effort would need to continue over time. In other words, if we ran simulations for 25 or 50 years (rather than 10 years as done for this model), the one-time, 3-year brook trout removal effort we simulated may not have been viable because the brook trout population would have returned to present abundance. To be effective, removal of brook trout may need to occur either annually or over a 5-year cycle with 3 consecutive years of removal and 2 years without removal (Peterson, Fausch, and others, 2008 ; but see Shepard and others, 2014) . We did not consider costs beyond the 10-year time frame specified by stakeholders in this analysis, but it is reasonable to surmise that the greater short-term costs of some alternatives (for example, eradication of brook trout, improving downstream conditions) that provide more durable results (that is, need to be completed only once) could become more cost-effective relative to alternatives that require continual investment over time (for example, removal by electrofishing). Similar results were reported by Neeson and others (2015) with respect to the benefits of larger, pulsed investments in fish passage restoration compared to longer-term trickle investments.
Improving downstream conditions was a component of the optimal management decision. The importance of this may not be surprising given that others have identified the migratory life history to be highly important in the persistence of bull trout (Rieman and McIntyre, 1993; Brenkman and Corbett, 2005; Dunham and others, 2008) , and that past conservation assessments have emphasized the importance of migratory life history expression (U.S. Fish and Wildlife Service, 2008) . The importance of the migratory tactic was further supported by the decline in adult bull trout numbers when a barrier was installed, and considering that a barrier may be beneficial only if 40 or more migratory adult females per year were moved upstream. However, additional analyses would need to evaluate how best to implement such actions. In the model for Long Creek, stakeholders identified that, under present conditions, migratory bull trout are small (<240 mm). However, at one time, the system supported large bull trout (>500 mm; Light and others, 1996) . These large individuals have much greater fecundity than small individuals, and if considered in the model, decisions with improving downstream conditions may become more optimal. However, sensitivity analyses revealed that an increase in fecundity alone may not be enough to maximize adult bull trout abundance. In our model, even at high fecundity (>500 eggs per female), the optimal decision was still controlling brook trout and improving downstream conditions.
Regardless of the potential of improving downstream conditions to develop large migrants, the stakeholders expressed concern over the means by which such improvements could be realized. To more directly address this concern, we conducted a post-hoc survey of stakeholders and their perceptions of management alternatives for improving downstream conditions. We asked stakeholders to qualify the potential gains and probability of successful implementation for each action could be implemented downstream of the confluence of Long Creek and Sycan River (table 5 ). In addition, we asked stakeholders to estimate the effects of alternative means of improving downstream conditions on bull trout and brook trout size and survival (table 6). These two responses were selected because of their use in the matrix model, where size could be considered a surrogate for fecundity. Overall, stakeholders had variable opinions as to what could be accomplished and the effects on bull trout and brook trout. One action, increasing stream channel structure (for example, in-stream cover, pools), was identified among all four stakeholders with a high probability of success, although it did not appear to have a large benefit for bull trout. Regardless, stakeholders could consider the responses from this survey to help guide potential actions to improve downstream conditions. Other factors, such as hybridization (Leary and others, 1993) and climate change (Dunham, 2015 , Isaak and others, 2015 , Kovach and others, 2015 that may influence bull trout and brook trout were not explicitly considered in the model framework. However, the potential effects of these factors can be explored indirectly with the sensitivity analyses. For hybridization, it can be assumed that egg survival would decrease (that is, fewer eggs would produce pure bull trout), which can be assessed with the sensitivity analysis. Effects of climate change can be explored in a similar fashion, although climate can affect multiple life stages. Outside the 10-year time frame considered herein, it is unclear how much Long Creek will warm in the face of warming climates (Isaak and others, 2016) . It is possible that climate-related loss of habitat may overwhelm the importance of factors that can be managed now (Wenger and others, 2013) . Additional monitoring of thermal regimes in Long Creek (Benjamin and others, 2016) could be useful in this regard. 
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Inferences about a management decision are dependent on parameters considered, the structure of the models used, and the parameter values used. We used a relatively simple demographic model to describe bull trout and brook trout in Long Creek and the consequences of alternative management actions for their abundance. Stakeholder engagement was used throughout the modeling process to ensure that the model applied to relevant decisions, assumptions, and scenarios. A more complex model may have revealed similar results, but can make interpretation more difficult. In addition, the model was deterministic. Future evaluations could consider incorporating stochasticity to account for potential dynamics not included in this model. This could be particularly important for persistence of bull trout when population sizes are very low (Rieman and McIntyre, 1993) . As for parameter values considered here, based on sensitivity analyses, the optimal decisions were consistent regardless of values used, suggesting that the robustness of the controlling brook trout and improving downstream conditions for Long Creek would provide the most benefit to bull trout over the next 10 years.
The structured decision-making process applied here allowed stakeholders from various entities to consensually identify the decision situation and objectives, as well as a suite of general actions that could be implemented. Moreover, through communication, the stakeholders were able to construct a conceptual model that was transparent and tractable because of a mutual agreement on model linkages and parameters used. It is the responsibility of managers to consider the tradeoffs in risk among the alternatives along with the uncertainty presented here to identify an initial preferred management strategy. Lastly, the current model represents the foundation for adaptive management, where implementation of the optimal management action(s) will be followed with monitoring to provide new information that will update the decision model and identify future actions after the 10 year period represented in the model.
